Study design: Discussion document. Objectives/methods: To review the Research Strategy of the International Spinal Research Trust (ISRT), which identifies key areas of basic and clinical research that are likely to be beneficial in developing potential treatments for spinal cord injury for funding. This strategy is intended to both guide the programme of research towards areas of priority and stimulate discussion of the different avenues of research. This latest document has been developed to take into account the scientific progress in the 6 years since publication of the previous Research Strategy. Results/discussion: The latest scientific developments in research designed to repair the spinal cord and restore function following injury and how they might impact on spinal cord injury research are highlighted. Sponsored by: ISRT.
Introduction
The International Spinal Research Trust (ISRT) is committed to developing treatments to cure the consequences of spinal cord injury. For over 25 years it has pursued this goal by funding scientific research proposals from basic research scientists. More recently, it has recognised the need to improve the scientific basis for assessment of spinal cord injury in patients, and has committed funding to developing such techniques and training scientists in their use. It is intended that, when established, these measures will provide a resource for use in clinical trials worldwide, and will enhance the detection of functional repair and recovery in such trials.
The record of achievement of the ISRT in promoting basic and clinical research leading to potential treatments for spinal cord injury is second to none: it is the pre-eminent UK organisation in this area, and funds international research with a global impact.
Although by no means the largest funding organisation in this area, ISRT is consistently at the forefront of research in this field, and has developed an enviable reputation for 'punching above its weight' compared with larger organisations. Historically, one of the reasons for this is the ISRT Research Strategy, which has been developed by the Scientific Committee to identify and focus efforts in particular areas of research.
The first ISRT research strategy document was published in by Harper et al in 1996, 1 and was refined and updated extensively in the second research strategy. 2 These documents established a coherent research strategy by analysing specific areas that require attention in order to achieve the overall objectives of the ISRT -to repair the damaged spinal cord and restore useful function. The strategy documents identify key areas for funding and support, which enables basic and clinical researchers to focus research proposals, and the Scientific Committee and external reviewers to judge each proposal accordingly. This approach steers the programme of research to be steered towards areas of priority. In addition, the document has proved useful as a campaigning tool.
The unprecedented success of spinal cord injury research in the past few years has resulted in significant advances, some of which were not covered by the previous research strategy. Consequently, ISRT have updated this document to reflect the current state of progress.
The following document, which identifies priorities for basic and clinical research in the coming years, builds on, and should be read in conjunction with, the existing research strategy. 2 In general, ISRT expects applications for research funding to be influenced by and to refer directly to the themes described in this strategy document, but also recognise the need to incorporate novel approaches as they are developed.
In addition to promoting experimental and clinical studies, ISRT considers it vital to promote informed debate between basic scientists and clinicians on the merits, risks and scope for interventions in the aftermath of SCI that exploit existing anti-inflammatory, antiproliferative, neuroprotective and immunosuppressive drugs. This should include harnessing the insights and testing capabilities of existing large study groups worldwide, for example, via the International Campaign for Cures for Spinal Cord Paralysis (ICCP) Clinical Trials Workshops (http://www.campaignforcure.org), the European Clinical Trials Network (http://emsci.org) and the North American Clinical Trials Networks (http://www.christopherreeve.org/site/c.geIMLPOpGjF/ b.1048737/k.322D/North_American_Clinical_Trials_ Network_NACTN.htm) with a view to fostering wellfounded clinical best practice.
The targets that form the Third ISRT Research Strategy Document reflect current progress in spinal cord injury research. Many were highlighted in the earlier Research Strategy, whereas the importance of others has been recognised relatively recently. As previously, overall strategy is divided into two themes: the vertical targets represent experimental objectives and the horizontal capabilities indicate the means by which the vertical targets are likely to be fulfilled. 
Vertical targets

Vertical target 1
Minimising the deleterious effects of early trauma, inflammation and scar tissue Much of the post-traumatic tissue damage and subsequent neurological deficits associated with SCI occur as a result of secondary events that are initiated by the original injury. Thus, spinal injuries comprise a primary zone of direct injury plus a zone of secondary injury, and neuroprotective strategies that either reduce or prevent the spread of secondary damage are likely to result in greater recovery of function. [3] [4] [5] Many of the mechanisms responsible for these secondary processes remain unknown. Thus, further understanding of the detailed molecular and cellular mechanisms involved in early trauma and cell death, inflammation and glial scarring is vital to provide direction for the rational development of therapeutics to minimise secondary damage and enhance function following injury. This is the rationale behind treatments such as methylprednisolone, 6 more experimental treatments such as GM-1 gangliosides (which also promote plasticity) 7 and newer developments such as the tetracycline derivative minocycline. 8 Spinal cord injury should not be regarded in isolation. There are similarities in the mechanisms of secondary cell death following ischaemic and traumatic brain injuries, 9 and some potential therapeutics have already been tested in clinical trials of ischaemic brain injury. The lessons learned from these (relatively unsuccessful) trials should provide valuable information for the spinal cord injury community regarding clinical trial issues such as the need for controls and careful dose studies (see Horizontal capability 3). Therefore, in addition to developing new therapies, an important role of the ISRT is to promote informed debate between scientists and clinicians, and the critical evaluation of the merits of these existing and potential treatments (see Horizontal capability 4).
However, because most neuroprotective strategies have not had particularly substantial effects in clinical trials, 10 there is a high priority to increase the understanding of cell death after acute spinal injury and the conditions that develop in chronic injury (Table 1; VT1.1), in order to develop newer, more powerful therapies.
It remains important to characterise the effects of injury on major spinal cord components, such as the effects on grey matter and white matter, the composition and effects of the glial scar, vascular effects and the role of inflammatory responses, the extent and mechanisms of secondary cell death, and the factors that lead to cyst formation (Table 1 ; VT1.1). It is also important to characterise the contribution of these events to functional deficits (Table 1; VT1. 2), and to accurately and meaningfully measure the effects of therapeutic agents on spinal cord function and behaviour. It should then be possible to develop novel neuroprotective therapies, both by rational mechanistic drug design and by screening drug libraries in appropriate models. To ensure the validity of such models, it is also necessary to further our understanding of human spinal injury (Table 1;  VT1. 3), and to identify accessible markers of early traumatic injury in humans (Table 1; VT1.4).
Exclusions and future issues
Work in non-spinal cord models should be explicitly justified. Funding for the acquisition of new therapeutic approaches to tackle inflammation etc. outside the spinal cord, for use in SCI research, will be considered under this strand of the Strategy and within Horizontal capability 4.
Vertical target 2
Inhibitory and facilitatory molecules The inhibitory effects of the CNS on axon growth are well documented, as is the ability of peripheral nerve grafts to support regeneration. The consensus is that there are several possible reasons why peripheral nerve grafts support CNS regeneration. The first is that inhibitory cues that are present in the CNS are absent from the PNS. The second is that peripheral nerve grafts secrete neurotrophic factors and contain other regeneration-promoting proteins such as cell-surface proteins that overcome CNS inhibition. A third possibility is that inhibitors that are present in PNS grafts are localised and regulated in a way that allows regeneration. Thus, it is established that chondroitin sulphate proteoglycans (CSPGs), some myelin proteins and semaphorins are present in both the PNS and the CNS, but their expression, stability and localisation/cellular distribution are different. Moreover, some types of CNS neurons do not grow into peripheral transplants. 11 This may be because of the presence of inhibitors in the grafts, or because these CNS neurons are unable to mount an appropriate response of regeneration-associated genes (RAGs).
Therefore, research into inhibitory and facilitatory molecules falls into three categories: the discovery of molecules that contribute to inhibition and facilitation of axon growth (Table 2; VT2.1), the production of reagents that either counteract inhibition or increase facilitation (Table 2; VT2.2), and the investigation of how other approaches, such as cell-and gene-based therapies, interact with inhibitory/facilitatory molecular mechanisms (Table 2; VT2.3).
The idea that the presence of inhibitory molecules causes regeneration failure was proposed by Schwab and collaborators, first in culture 12 and then in the injured spinal cord, 13 on the basis of a molecule present on the surface of oligodendrocytic myelin.
14 This molecule is now known as Nogo. Blocking Nogo promotes either regeneration 13 or beneficial sprouting. 15 Nogo is one of several inhibitory molecules that are associated with CNS myelin, with other candidates including myelin-associated glycoprotein and oligoden- [16] [17] [18] [19] [20] and a common pathway for the effects of these various inhibitory molecules has been described. 21 It is likely that increased molecular characterisation of this common inhibitory pathway will help in the development of new therapies.
In addition to the lack of inhibitory molecules, it is proposed that peripheral nerve grafts support CNS axon regeneration by the secretion of trophic factors. Many studies have shown that growth factors upregulate RAGs and enhance regenerative axon growth, [22] [23] [24] and genetically modifying transplants to overexpress neurotrophic factors might enhance these effects further. Thus, an effective combination that enhances positive factors and reduces negative ones is an attractive goal for current research.
So far the molecular response to neural injury has been studied mainly at the level of changes in the expression of single genes or proteins. This has led to the discovery of several molecules that are important in regeneration. The human and rodent genome projects have identified most human and rodent genes. This enables high-throughput screening of large cohorts of genes and proteins, which will be instrumental for elucidating the molecular mechanisms that underlie regenerative failure and should result in a more complete picture of the molecular changes that occur in neurons and glial cells after injury. 25 The use of microarrays and of proteomic techniques coupled to web-based databases and data-analysis tools is likely to identify previously unknown RAGs, and to pinpoint novel targets for pharmacological and cell-and genebased intervention strategies. Our understanding of the molecular processes that underlie regeneration is still very limited, so incorporating genomic and proteomic approaches into neuroregeneration research is vital to progress in this field.
Vertical target 3
Guiding regrowth and establishing appropriate connections Several existing therapies promote the regeneration of injured axons in long, white-matter pathways. In addition, methods are being developed to bridge spinal injury sites using synthetic biomaterial implants. 26, 27 However encouraging axons to leave the special environment that these therapies provide, to cross scar tissue associated with the injury area, and to re-enter the tissue beyond the scar has proved a major problem.
Given that the number of axons that do regenerate and regrow is likely to be small compared with the original pathway, it is important to understand how fibres behave once they have reconnected with the spinal cord beyond the damaged area. At one extreme, it might not be necessary to guide regrowing fibres to their appropriate targets if intrinsic, plastic mechanisms within the CNS can exploit any connectivity to achieve some recovery of function. At the other extreme, new connections might be either ineffective or even add to secondary problems such as spasticity and increased pain levels. We are acquiring a detailed map of factors that guide axons to their eventual target by attraction and repulsion, including factors that keep axons in long white-matter tracts until they descend (or ascend) to the level appropriate to penetrate the grey matter. [28] [29] [30] Once within the spinal grey matter, ephrins, netrins, semaphorins and related molecules guide axons and regulate midline crossing and dorso-ventral termination.
It is probable that the main national research funding bodies will continue to invest in this area of basic neurobiology, thereby expanding the 'library' of agents that guide growing and regrowing axons. ISRT should adopt a strategy of integrating this knowledge into spinal injury studies and promote research into:
The nature and temporal course of new synaptic connectivity after SCI, using histological and electrophysiological techniques (Table 3 ; VT3.2). The key guidance/trophic factors -how they are affected by SCI, particularly in regions above and below the site of injury (Table 3 ; VT3.1, VT3.2), and whether their expression can be modified to encourage appropriate outgrowth (Table 3; VT3. 3). The potential of axonal sprouting and synaptic plasticity for regeneration and useful re-innervation (Table 3; VT3. 3). The ability of trophic factors to restore axonal growth per se and to influence the re-establishment of appropriate connectivity (Table 3 ; VT3.4).
Vertical target 4
Assessing the natural history of SCI and optimising spared spinal cord cells and nerve fibres Except for a few open or penetrating injuries, there is spared spinal cord tissue in most cases of SCI, even if clinically the lesion is complete. Tissue sparing has important consequences, both in terms of the function of the residual axons and their potential for plasticity. In animal models, fibres passing through the ventrolateral funiculi, including reticulospinal axons, appear to be important for functional recovery of hindlimb locomotor function. 31 In humans, the importance of the ventrolateral systems is less clear, while damage to corticospinal fibres has more serious effects. 32 The minimal sparing of white matter, in terms of either area or axonal number, that is compatible with locomotion is B10% for cats, 33 o25% for non-human primates 34 and o10% for humans. 35 Minimal deliberate movement of the lower limb, including dorsal and plantar flexion of the foot, has been reported in humans with only 3.5-10% of corticospinal tract axons at the thoracic level. 35 The idea that a limited number of nerve fibres is sufficient for function has encouraged repairbased research, and has been formulated in the belief that a few new axons that cross the lesion site and connect somewhere will result in some functional recovery.
After total spinal cord transection in laboratory animals, weight-supported, unassisted stepping can be generated by the spinal circuitry below the level of the transection, without supraspinal control.
11 This is not the case in humans, but more lumbar motorneurons pools can be activated by proprioceptive sensory inputs generated by treadmill exercise than by voluntary activity in cases of incomplete SCI. 36 The surviving supraspinal motor input to the spinal cord is insufficient to selectively activate specific muscles of a single joint or to simultaneously inhibit antagonist muscles, which indicates that voluntarily exerted force is only partially related to function. 37 After complete SCI, it appears that local, segmental, proprioceptor motor circuits can be induced to generate patterned muscle activity, but not in a sustained manner. 36, 38 In animals and humans, plasticity in the motor systems has been shown at different levels from the cortex to the target muscle. 39 Erroneous connections made after an injury persist for many years. 40, 41 Early after the injury there will be vacant synaptic sites that might be occupied by either inappropriate supraspinal tract axons or local interneurons. This plasticity is likely to account for the development and establishment of aberrant reflexes that might be counterproductive in either maintaining or supporting function, for example, spasticity or aberrant reflexes. In addition, the occupation of these sites by 'inappropriate' fibre systems might prevent appropriate regenerating fibre systems reconnecting to the right circuits. One way to prevent this might be the use of specific neuromodulatory treatments. The development of techniques that maintain the neuronal tissue below the level of the lesion as far as possible within its 'normal' state, and thereby prepare this tissue for successful interventions, should be encouraged.
Plasticity in the sensory systems, such as collateral sprouting, is well known and might account for phenomena such as the spread of sensation below the level of the lesion and the development of neuropathic pain. Imaging studies have shown that referral of sensation after SCI is accompanied by reorganisation of the somato-sensory cortex. 42, 43 However, this mechanism might not explain referred sensation from the viscera perceived in deafferentated areas. Nevertheless, large-scale reorganisation may occur at other CNS sites such as thalamus, brain stem, cuneate nucleus and spinal cord. [44] [45] [46] [47] This might include both unmasking of pre-existing connections 48 and actual axonal sprouting. 49 To achieve functional recovery of sensation after SCI, measures to be considered include manipulating the biological environment to promote regeneration and functional reconnection, and identifying strategies that increase reorganisation in the CNS.
It is important to define the structure and function of the remaining spinal cord tissue (Table 4 ; VT4.1), and to develop ways to enhance its functional capacity most effectively (Table 4 ; VT4.2, VT4.3). The clinical consequences of the neuronal loss at above and below the lesion site compared with damage to long fibre systems remains to be established. This knowledge is essential if treatments that are designed to replace lost neurons are to be considered alongside those that lead to repair of white matter tracts. Even if nonfunctional, remaining tissue might have a valuable role in the effects of future interventions by either guiding or acting as a scaffold for new growth.
Vertical target 5
Cell-and gene-based therapies Since the last strategy review in 2000, 2 major progress has been made in the areas of cell and gene therapy. Cellbased therapy includes grafting with fully differentiated tissue such as peripheral nerves, inflammatory system cells such as activated macrophages, CNS-resident cells such as oligodendrocytes and olfactory ensheathing cells, and cell precursors such as stem cells. Stem cells are attractive theoretically because it is envisioned that they will respond to cues and replace damaged tissue, as in other organ systems, such as the foetal liver following injury and adult heart tissue after cardiac infarct. However, undifferentiated embryonic stem cells are less appropriate because they can develop into cancerous teratomas. Therefore, more differentiated cells and tissue of both foetal and adult neural origin are preferred There has been some work to identify the cell types that are generated in vivo after stem cell transplantation. In vitro, undifferentiated, neurospheres in culture can generate all types of neural cell. However, although adult neural progenitor cells survive when grafted into the rat spinal cord, they only differentiate into astroand oligodendroglial lineages, which indicates that the adult spinal cord provides the molecular cues for glial, but not neuronal, differentiation. 50, 51 If neuronal cells are required, procedures for differentiating, isolating and transplanting them need to be perfected. Disappointingly, in some studies, transplanting neural stem cells leads to an increase in pain levels (allodynia), which is associated with sprouting of sensory fibres in the spinal cord. However, forcing stem cells into a distinct lineage before transplantation avoids allodynia and improves functional outcome. 52 The benefits of grafting differentiated, purified cells require further study. These data indicate that care should be taken that preclinical studies should specifically examine the adverse effects of cell therapies.
Cell-based therapies require that the cells are readily obtainable, easy to expand and bank, and survive long enough to facilitate sufficient and appropriate axonal repair. Until large-scale, well-characterised adult and differentiated, embryonic stem cells are available, bone marrow mesenchymal stem cells (MSCs) are an attractive source that allows autologous grafting in which each subject receives their own bone marrow. Transplanted unpurified MSCs improve remyelination 53 and support host axonal growth after spinal cord injury, and several studies achieve modest functional recovery. [54] [55] [56] Differentiation into defined cell types such as Schwann cells might further improve the outcome, 57 as might selection of MSCs from different donors because not all donors produce similarly effective cells, presumably because of the repertoire of cytokines and modulatory molecules that they produce. 58 An alternative source of adult transplantable cells with repair potential are olfactory ensheathing cells. 59 Two types of cells are generated from cultures of primary olfactory tissue: although both are essential for the reparative effect, the precise lineage relationship of the two cell types is not fully understood. 60 Olfactory ensheathing cells encourage axonal growth in the spinal cord. However, they are likely to be more effective when combined with other treatments (see vertical target). For example, reducing inhibitory cues of the scar tissue with chondroitinase ABC and providing a Schwann cell bridge in combination with olfactory ensheathing cells promotes greater functional recovery in a rat model than these treatments individually. 61 Gene therapy The first viral vectors used to express a therapeutic gene in the nervous system were imperfect because they evoked an immune response. These problems inspired the development of improved 'minimal' vectors based on adeno-associated virus and lentivirus. These viral vectors carry a transgene under a strong viral or cellular promotor, but are virtually devoid of viral gene sequences. Adeno-associated viralvector-mediated expression of neurotrophins has been successful in rescuing motor neurons after ventral root avulsion and reversing atrophy of chronically lesioned rubrospinal neurons. 62, 63 In addition to direct viralvector-mediated gene transfer, cellular transplants have been genetically modified ex vivo before transplantation to create improved cellular nerve guides. The steady advances made in combining new viral vector systems with a range of promising cellular platforms (see above) holds fascinating perspectives for the development of new spinal cord repair strategies (reviewed by Ruitenberg et al 64 ) . Although there has been much progress in the area of cell therapy, significant questions remain ( Table 5) . The areas to be tackled in gene therapy are: (i) how to enhance the level of expression of the transgene; (ii) control of the timing of transgene expression; (iii) the difficulty in predicting and controlling the cell types that are transduced, and some cells and tissues are easier to transduce then others (eg scar tissue can hardly be transduced for, as yet, unknown reasons); and (iv) the use of viral vectors to express siRNA and dominantnegative proteins to overcome local action of inhibitory proteins is in its infancy. Nevertheless, gene therapy is a powerful technique that might be used to overcome inhibition and to enhance the expression of neurotrophic factors.
Vertical target 6
Combining therapies Several independent mechanisms contribute to the outcome of SCI. Therefore, it seems reasonable to anticipate that therapies that are directed at one specific injury mechanism are likely to have limited overall efficacy, and that combining potential therapies might achieve a greater benefit and increase recovery. 61 Some published studies have combined the use of cell transplantation and plasticity-promoting drugs to provide proof-of-principle of this concept. It is likely that more effective combinations are possible, and combination therapy is likely to be a cornerstone of future strategies following SCI. However, because of potential interactions between different interactions, interpreting the effect of combining potential treatments requires very careful controls.
The potential complementarity of different therapies is crucial, and funding will only be considered for proposals that make a cogent case for combining individual approaches (Table 6 ).
Vertical target 7
The complementary role of different forms of electrotherapy for recovery of function after SCI The aims of ISRT is to develop a long-term, effective treatment for SCI, based on better understanding of the underlying neurobiological mechanisms of injury and repair. Originally, therefore, functional electrical stimulation (FES), other forms of electrotherapy and intensive physiotherapy were not considered central to the research strategy because they were judged not to involve actual repair of the injury. However, in the past few years ISRT and the SCI community in general have re-assessed this position.
The primary purpose of FES is to activate paralysed groups of muscles; for example, FES implants are widely used for bladder control and to assist standing, locomotion and hand grasp. However, it is clear that, in addition to these 'peripheral' actions, FES also has long-term 'secondary' effects on central sensorimotor mechanisms 65, 66 that affect plasticity and, possibly, allows surviving fibres to make a greater contribution (see Vertical target 4).
A related point is that the development of the normal spinal cord and, probably, regeneration of the damaged spinal cord are, at least in part, activity-dependent processes; electrotherapy methods can be used to promote neural activity, above and below the injury, which cannot be generated voluntarily by the patient. Finally, we know that activity in the 'intact' parts of the motor network above the level of the spinal injury, including the cerebral motor areas, cerebellum and basal ganglia are significantly reduced after SCI and show different patterns during both attempted and imagined movements. Thus, FES, rTMS and other (Table 7) . Some forms of FES are invasive (eg sacral or lumbar root stimulators and intraspinal microstimulation) and some SCI patients refuse such implants because they expect a more permanent cure to be developed in the future and do not want to prejudice their chances of inclusion in future trials and treatment.
Given that the principal aim of ISRT is a long-term treatment that provides effective repair of SCI, how should it approach the development of FES and other electrotherapeutic approaches? ISRT should promote research into:
Approaches that demonstrate the complementary role of FES in improving outcome of other types of treatment through activity-dependent plasticity. Studies to determine the extent to which defined FES paradigms improve real-world tasks that are highly relevant to individuals with SCI. The use of noninvasive methods that offer clear prospects of functional recovery, especially if such approaches improve central activity-dependent plasticity. Improved outcome measures to assess functional improvements provoked by noninvasive methods. The development of long-term, stable, electrotherapy techniques that complement other therapies for SCI.
Horizontal capability 1
Animal models Effective experimental models are crucial for understanding the basic biology of SCI and developing effective therapeutic strategies (Table 8) . Two common approaches are to use (i) a model that aims to mimic as closely as possible the type of SCI that is observed clinically (ie contusion injuries), and (ii) a model in which specific tracts or pathways are lesioned to study the response of that particular system to injury and its capacity for regeneration. Both approaches have their benefits and drawbacks, and potential treatments should be evaluated in both before they are developed for use in humans. Transection of the spinal cord is a recognised animal injury model, whereas contusion represents the typical injury mechanism in humans. A contusion injury extends over 2-3 segments, which greatly exceeds the extent of neuronal damage in the transected spinal cord. Although the extensive damage and loss of alphamotoneurons and roots associated with spinal cord contusion is little addressed in current translational studies (see Vertical target 4), it has direct implications for rehabilitation strategies and functional outcome. There is also increasing evidence for degradation of neuronal function below the level of lesion in chronic, complete SCI. 38 The relevance of this degradation for a regeneration-inducing therapy needs to be evaluated. In addition, the prerequisites to facilitate the appropriate reconnection of regenerating tract fibres and to maintain neuronal function in the postacute stage have still to be established (see Vertical target 3).
Although the majority of SCI studies to date have involved rats, genomic approaches are carried out almost entirely in mice. Thus, the development of a mouse model of SCI had priority in the 2nd ISRT strategy document.
2 Now such models are available, the use of knockout and transgenic mice is likely to provide insights into the molecular components of SCI and repair. Fund studies that attempt to adjust the insights generated from animal models to the scale and complexity of human SCI HC1. 3 Fund work, both experimental and literature review, that integrates the results from different methodologies and models, including the resolution of any discrepancies or gaps in existing knowledge HC1. 4 Encourage the use of genetically modified animals (eg knockout and transgenic animals) in established SCI models to gain additional insights into the key molecular and cellular components of SCI and its repair HC1. 5 Fund research into the significance of demyelination and remyelination in SCI and repair HC1. 6 Fund research to establish a large-animal model of SCI in order to harness the sophisticated electrophysiological capabilities available for this species HC1. 7 Fund the supply of equipment necessary for the standardised use of selected models in laboratories funded by ISRT
In each laboratory species used, the requirements of an animal model are that it is quantitative, robust, objective and leads to permanent records that are open and available to other researchers. The results obtained with a particular model must be reproducible when used independently by other research teams.
Ideally, experiments should have a sequential design that includes:
Longitudinal observation of the behaviour in normal animals to establish the level of variation within the population and stabilise learning curves. Longitudinal observations of the same parameters after lesion to establish the degree of variation in the lesion procedure and the natural history and evolution of postlesional changes that occur without any intervention. The therapeutic intervention should be applied only when the postlesional situation is stable, and further longitudinal assessment carried out as above. Variation must be related to the normal population variation. Postlesional variation should correlate with individual histology because animals cannot be assumed to be uniform, and correlation with the lesion histology gives information about the size and location of the lesions that are associated with specific effects. In addition, posttherapeutic variation should correlate with individual variation in histological parameters of recovery (eg number of fibres regenerating and size of transplants), which should give valuable additional information.
Horizontal capability 2
Developing methods to measure regrowth and restoration of function The ability to determine accurately the extent of anatomical regeneration, physiological connectivity and functional improvement is crucial for identifying a successful repair strategy. The current lack of reliable assessments of the extent of SCI in humans, and the spontaneous and treatment-induced recovery in laboratory animals and humans are fundamental problems for both basic science and potential clinical trials for SCI (see Vertical target 4).
The American Spinal Injuries Association (ASIA) score is not always fully reliable. For example, recent studies by Craggs and co-workers 67, 68 demonstrate that some patients who are classified as ASIA A (complete SCI) can voluntarily modulate the integrated EMG with pudendo-anal reflex (PAR). This sacral reflex is modulated by either voluntary or supraspinal centres and is a sensitive measure of spinal cord injury. 69 Measuring improvements in the PAR and similar systems might provide a means to monitor progressive, postinjury changes in function, and outcome measures for future interventional treatments.
Methods to detect the partial preservation of long fibre tracts are also needed because present tests (eg the ASIA sensory score) are unable to detect subtle neurological improvements. Assessments that reflect the whole clinical picture, such as the impact of spasticity, are also needed (Table 9 ). Although spasticity is useful for some abilities such as transfers, it frequently impairs functional outcome for the patient.
To some extent neurophysiological and functional assessments can differentiate between the contributions made by behavioural compensation, neuronal plasticity and regeneration to improvement of function following SCI. 70 Neurophysiological investigations, in particular, should give information about the impact of any new interventional therapy on the function of specific spinal tracts and of the peripheral nervous system.
Most patients recover significant function without intervention, and deterioration of SCI patients after hospitalisation is relatively uncommon. 71 For example, most quadriplegic patients recover one spinal level of motor function. 3 However, following incomplete SCI, it is difficult to predict the preservation of discrete longitudinal fibre tracts and the likelihood of natural, spontaneous recovery of sensory and motor function. Difficulty in distinguishing between post-treatment improvements in function and changes that might occur without intervention creates potential problems for interpreting the results of clinical trials. Thus, it is apparent that new techniques are needed to assess more effectively spinal cord tissue that is spared after clinically complete and incomplete SCI, and to predict accurately any spontaneous recovery of function 37 (Table 9 ). Collection at multiple injury centres of clinical and physiological data mapping the natural history of changes in function in the period immediately after SCI is, therefore, a priority.
Imaging the site of injury, for example, by MRI can indicate continuity across a lesion but does not reveal whether the axons are functional. Currently, electrophysiological assessments of sensory and motor tract function (eg somatosensory evoked potentials) indicate the presence of large, myelinated fibres in the dorsal columns but not finer fibres in, for example, the spinothalamic tract, and recovering or remyelinating fibres. Therefore, ways to identify different fibre tracts are needed. These might include intraspinal electrodes, which recognise unique patterns of activity in discrete fibre tracts. Functional imaging techniques should also be developed, and it is likely that the combination of functional imaging with selective stimulation and recording of fine fibre afferent pathways through, for example, contact-heat-evoked-potential stimulation of C and A delta fibres 72 will provide more detailed analysis of baseline and functional improvements from interventions.
Horizontal capability 3
Clinical trials The many issues that surround optimisation of Clinical Trials of SCI treatments were discussed at the recent ICCP International Clinical Trials Workshop on SCI. 73 
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Many SCI and other relevant (eg regulatory) communities who participated considered whether standards and guidelines for valid clinical trials could be developed and broadly accepted. One of the outcomes of this is the establishment of a working group to bring forward detailed guidelines on how to develop clinical trials in the most accurate and effective manner. Clearly, several of the issues relate to the adequacy of the animal model that is used as the platform from which to launch a clinical trial 74 (Table 10 and Horizontal capability 1).
As a more general consideration, Research Governance applies to all who fund research proposals or infrastructure, participate in research, and host research in their organisation. This is the process that sets standards and defines the mechanisms to deliver these, requires monitoring and assessment, and improves research quality and safeguards the public by enhancing ethical and scientific quality, promoting good practice, and preventing poor performance and misconduct. As an integral part of ensuring the highest clinical Fund studies that develop new approaches to selectively labelling defined axonal tracts to facilitate subsequent analyses of regeneration after SCI (eg by tract-specific transfection of neuronal populations with traceable markers) HC2. 4 Fund work to develop functional assessment systems and parameters that offer objective, quantitative and highresolution information about re-innervation, to replace methods that measure changes in broad functions (eg stepping systems) that could arise from multiple possible re-innervation/collateral sprouting/synaptic plasticity mechanisms. Work should eventually be confirmed in a large-animal model with well developed, higher cortical modulation of behaviour HC2. 5 Fund work (experimental, literature review and crossdisciplinary discussion fora) that correlates measurement systems used in animal models and in humans HC2. 6 Fund research that aims to establish an integrated package of baseline data in SCI patients, including comprehensive, sensitive and detailed characterisations of the state of spinal cord damage, synaptic connectivity and residual function HC2. 7 Fund work to identify human SCI subtypes using noninvasive parameters, including imaging, and correlate the results with classical means of characterising subtypes by post-mortem morphological studies HC2. 8 Fund studies of existing standardised methods for assessing residual function in SCI patients to estimate their progression with time post-SCI, their intrinsic variability during longitudinal studies, and their sensitivity to different degree of SCI (and therefore, their ability to track partial repair) HC2. 9 Fund longitudinal studies of the new integrated package of methods for assessing function and connectivity in patients to estimate their progression with time post-SCI, their intrinsic variability, and their sensitivity to different degrees of SCI (and, therefore, their ability to track partial repair) Promote the exchange of insights between clinical, translational and basic research communities. Encourage the consideration of basic scientific advances from the perspective of their potential clinical impact, and the exploration of key clinical problems through appropriately designed lab studies, including the organisation of joint scientistclinician discussion meetings HC3. 4 Consider promoting SCI (if an appropriately robust clinical trial can be developed and tested) as a surrogate for evaluating treatments for allied neurological applications, as a means of accessing additional support and potential treatments HC3. 5 Explore options for sharing with other medical charities, especially in the neurosciences, additional staff to manage clinical trial activities on a day-to-day basis HC3. 6 Establish links with other organisations to share knowledge and establish common standards of clinical and ethical practice, including open access to databases HC3. 7 Define which specific types of SCI are suitable for various compounds, drugs, interventions and treatments HC3. 8 Promote organisations in which the establishment and conduct of a clinical trial protocol and follow-up studies are possible. These centres of excellence should include facilities for baseline and follow up protocols, including functional imaging and new interventional techniques HC3. 9 Establish links with institutions and bodies that are able and willing to support a clinical trial HC3. 10 Establish cooperation between clinical SCI centres that have access to sufficient patients order to perform a clinical trial within an appropriate time frame standards, ISRT must ensure that its governance structures are appropriate to achieve the aims of its Research Strategy.
Horizontal capability 4
Promoting collaborative research The complexity of SCI in humans is such that multidisciplinary approaches are needed to understand SCI and to develop effective therapies to treat it. It is generally accepted that there is a need to continue to improve communication between the different groups involved in spinal cord injury research. Therefore, ISRT regards collaboration as one of the keys to future development (Table 11) . To this end, it encourages collaborations between the researchers it funds, both clinical and basic scientists. It is important for scientists to understand the general and specific problems associated with SCI research and ISRT accepts that it might be necessary to foster the training and career progression of a new 'breed' of clinical scientist to coordinate efforts and lead clinical trials in SCI. Such individuals should be familiar with basic science and have clinical knowledge, experience and training in the design, execution and evaluation of clinical trials. They should also be able to evaluate research strategies from the perspectives of SCI patients and other clinicians. This is important because what might appear to be an exciting solution to a basic scientist might have limited potential for translation to the clinic because of gaps in understanding between basic researchers and practising clinicians.
A single centre where different experts, such as basic and clinical scientists and clinicians who treat SCI patients easily interact is probably most effective. From such a hub, a spoke organisation should be established to exchange information, techniques and compounds with other units, and to coordinate with other centres to enable sufficient patients to be assessed in an appropriate time.
In addition, collaboration between basic researchers and clinicians should help to evaluate the course of neuronal function after a complete SCI and, consequently, to better understand neuronal plasticity and degradation. This would include the contributions of the different factors in determining the severity of functional loss after SCI, such as demyelination and neuronal loss at the lesion site, and link them to therapeutic approaches. An example might be the maintenance of neuronal function below the lesion by specific, earlyonset, functional training. 75, 76 Contacts or collaborations outside SCI research should also be encouraged to make use of existing knowledge of specific intended treatments and to ensure that mistakes are not repeated. For example, knowledge on the use of immature cells (eg stem cells) is more advanced in other areas of research such as haematology and cardiology, and this should be explored.
Collaborations with industry should be encouraged, both for support and as a source of new drugs and combinatorial therapies, and as a means of promoting international meetings where a wide spectrum of different aspects of SCI is discussed.
Conclusions
This latest Research Strategy from the ISRT builds on the previously published strategies 1,2 by incorporating many of the most recent advances in basic and clinical research that are relevant to restoration of function following spinal cord injury. From past experience, identifying individual themes of basic and clinical research enables ISRT to focus research funding towards appropriate areas that would benefit from particular attention, and targeting specific research areas in this way has proved effective in maximising the effects of the available funding. As a research-based charity, ISRT intends grant applications to be influenced directly by the themes described in this strategy document. However, this is not to say that other, more novel approaches will not be considered should there be sufficiently strong evidence of their potential.
In keeping with the policy of promoting debate between all interested parties, another purpose of the updated ISRT Research Strategy is to stimulate discussion of the relative merits of the themes and approaches that are described. The Research Strategy is deliberately wide-ranging and inclusive with respect to the themes described, and individual views on the relative importance of these approaches are likely to differ. By promoting this discussion, ISRT hopes to encourage debate between scientists, clinicians, patients and other interest groups about the many issues that are involved in developing and validating potentially effective therapeutic advances in the near future. Support cross-disciplinary discussions and workshops between basic scientists, clinical scientists and clinicians HC4. 4 Establish links with laboratories and companies that are developing interventions that might be new treatments for SCI, and with other supportive organisations. Promote the sharing of novel reagents between laboratories, including commercial organisations HC4. 5 Encourage interaction and the exchange of information and experiences between the SCI community and others, for example, the use of immature or stem cells in other body systems such as cardiology and haematology
